Differential photoemission cross sections for the ls, 2s, and 2p shells of neon were calculated by several different approximations for photon energies up to 2000 eV. Specifically, plane-wave (PW), orthogonalized plane wave (OPW), and Hartree-Fock functions (with and without consideration of relaxation in the final ionic state) were used to compute transition matrix elements in both velocity and length approximations. Plane wave and orthogonalized plane wave continuum functions were found to have very limited applicability to cross section calculations, with both approximations giving spurious local minima and incorrect angular distributions. The reasons for these failures were analyzed, and limits were set on the n, t, and Z values for which the PW model yields qualitatively correct total cross sections. Calculations using Hartree Fock continuum functions agree very well with experiment, emphasizing the necessity of considering atomic potentials explicitly in photoemission processes. Further, the effects of relaxation in the final bound system were investigated.
INTRODUCTION
Observation of photoemission spectra provides detailed information about both the'initial and final electronic structure of the system .under study. Energy and angular dependent studies of photoemission cross sections made possible by several new photon sources, especially synchrotron radiation, can provide a sensitive probe of gaseous species, liquids, solid surfaces, and adsorbates. However, in order to interpret PES in terms of electronic structure a good model of the transition from initial to final states is necessary.
The detailed many-electron theory of photoemission for gaseous 1 atomic species is well known.
Recently, steps have been taken to 2 formulate viable theories of photoemission for molecular species and 3 solid surfaces. In many cases, these approaches consider one-electron transitions to final continuum states that are approximated by a plane 4 wave (PW) or an orthogonalized plane wave (OPW). The validity of calculations employing PW or OPW continuum functions and neglecting final state relaxation must be established before they may be applied to the interpretation of experimental results that are now appearing.
In this paper, we report photoemission cross sections and 5 asymmetry parameters for the ls, 2s and 2p orbitals of neon, calculated by several methods. Intercomparisons of these results and comparison with experiment are utilized to ascertain the validity of the various approximations employed. In Section II we focus on various approximations to the continuum functions, and Section III deals with the effects of final state relaxation. Further discussion is given in Section IV.
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CONTINUUM WAVEFUNCTIONS
The final state of a photoemission transition is of special interest because at least one electron of the system under study is in the continuum. In this section we compare the differential photoemission cross section dO(£)/dn of neon, calculated using plane wave (PW), orthogonalized plane wave (OPW), and Hartree-Fock (HF), continuum functions, with experiment. We test the sensitivity of photoemission cross sections to the form of the final state continuum function to evaluate the accuracy of the PW and OPW approaches. We shall find that calculated neon cross sections depend strongly on the model used for the continuum state and that both the PW and OPW models are quite poor approximations for those continuum states which exhibit large phase shifts. 
where 0 is the angle·between·an incident beam of· unpolarized radiation and the photoelectron ·wave vector. In the one electron partial wave approximation the total cross section is The asymmetry parameter aC£) is given by
for continuum function phase shifts ~i±l (£) in the i ± 1 channel defined for scattering from a nonzero potential.
In this formulation we explicitly consider two outgoing channels for the photoemitted electron defined by dipole selection rules. The total photoelectron flux depends only upon the sum of the electron fluxes in the two channels, but the angular dependence of intensity is sensitive to the interference between the channels. Thus the phase (4) shifts ~i±l (£) can have a significant effect upon the angular distribution of photoelectron flux. where the summation is taken over all bound states with the same angular momentum quantum number as the continuum channel. This orthogonalization alters the wavefunction near the origin but has no effect on its delta function normalization or as~totic form (i.e., no phase shift is introduced).
A more exact method of treating the continuum function is to require that it be the eigenfunction of an atomic Hamiltonian. In our study we integrated the single particle_ ~artree-Fock equation numerically
or t e g.1ven atom1c con .1gu!at1on an cont1nuum e ectron 1net1c 
(8) (9) and oi(E) is the phase shift of the HF continuum function with respect to the regular Coulomb wavefunction. The wavefunctions were generated where (12) and (13) (~
for photoemission from the n.tth one-electron o~bital and the summation extending over the bound orbitals with the same symmetry as the .t ± 1 continuum channel.
From Eq. (11) we see that 8(£) = 2 for plane wave photoionization independent of the energy £ and the symmetry of the initial bound state.
In the OPW case, .8 can assume values other than 2, but must approach 2 in the limit of large k. The remaining discussion of PW and OPW cross sections will deal with the partial-wave form. In these cases, the velocity and length total cross sections have the same qualitative appearance, but the length calculations yield cross sections an order of magnitudegreater than the velocity results. The PW and OPW length results are excluded from the following discussion.
• involved. An analytical illustration of this result is obtained by writing Eq. (6) in the simple form (14) then calculating <ls lv I OPW>, which will be minimal in the energy range for which (15) Now <lslvl2p} is a constant, while <lsiV!Pw> and (2pjPw> are proportional to Fourier transforms of the jls} and j2p} atomic functions. Since both lls) and j2p} are nodeless, the Fourier transform of each will rise with increasing energy to maxima, then decrease, with the maximum for the j2p> Fourier transform coming at a lower energy than that of the lls>. Since the value of (lsjVj2p) is in general large, a cross over Thus, for these channels, both Coulomb waves and plane waves (V(r) = -r and V(r) = 0 continuum functions) ·must differ greatly from the actual continuum func'tions for small r. Matrix elements calculated with these approximations will be very much in error. However, the Ed channel phase shifts are fairly small and the ~ = 2 part of a plane wave -10-should be a good approximation to the HF and "actual" continuum functions. Comparison of the individual matrix elements for s ~ p, p ~ s, and p -+··d transitions ·Confirms these expec.tations (Table 1) .
.. Finally, it should be emphasized that the angular dependence for a PW approximation can only be correct for photoemission .from an atomic s orbital. where N is the total number of electrons bf the system and the curly (14) ( 15) brackets denote an N x N matrix with column index i ('t' (i) = (nttn:n:'n ) . ) .
JV s l. for the N different final state one-electron orbitals, including the continuum orbital, and row index j, for the N initial state orbitals.
The final state radial wavefunctions are primed to emphasize that they are not identical to the corresponding initial state orbitals. The ij th element is zero for j * k unless (tmnm ) . = Ctmnm ) . and is zero for The neon ls photoemission cross sections for the length and velocity approximations differed by less than l% in both the HF and HFR calculations. At energies above 1200 eV the HFR cross sections agree quite well with experiment (Fig. 2) , and are to be preferred over the HF results. However, at lower energies the HF. calculation is closer to experiment except at thr'eshhold (Fig. 1, insert) . This is probably due to the neglect of correlation between the slow photoelectron and the electrons of the remaining ion in our calculations.
Right at threshhold the virtucil processes are quite important, but at higher energies they become small (se~ Fig. 7 ). The turning-over of the experimental a (ls) as threshhold is approached from above (Fig. 1, insert) arises from such processes, and it is significant -14-that the HFR model reproduces this behavior l1\'hile HF does not. The phase shifts for the HF and HFR £p continuum functions (Fig. 6) differ by 10% over the whole range of the calcula.tion, showing the fairly large effect of the relaxed potential in determining the continuum wavefunction for an electron excited from a core state.
Relaxation effects are small for neon 2s photoemission, as seen by the small differences in continuum function phase shifts (Fig. 6) and total cross sections (Fig. 2) Other workers have also considered molecular photoionization.
22 Hush used a model in which the average potential experienced by the photoelectron is used to give an effective kinetic energy for the continuum electron. This model yields slightly improved total cross sections for small molecules, but will still have the same difficulties as the PW method for large atoms and will be unable to yield angular distributions of photoelectrons. Ritchie 23 and Chapman 24 are currently
developing procedures to calculate molecular photoemission which explicitly consider the nuclear and electronic Coulomb potentials.
Pseudopotential models have also been considered, 25 but depend on some auxiliary method of determining the phase shifts for the continuum channels.
26
There are also strong interchannel coupling effects at low energies which are strictly molecular phenomenon that require accurate wavefunctions to handle properly. We discourage reliance on PW type calculations and stress the need to consider the strong forces acting on continuum electrons in calculating photoionization and photodetatchment cross sections for atoms and molecules.
Gadzuk and Liebsch 4 have considered photoemission from adsorbates on oriented surfaces in PW approximations. Their work has concentrated on obtaining angular distributions of photoelectrons from the adsorbate-surface system. Although the angular dependence of photoemission for a given t channel of an adsorbed species and surface geometry may be correctly determined, the plane wave treatment is incapable of treating interference between different allowed t channels.
Even in spectral regions where the total cross section is dominated by one particular channel the angular dependence of the photoemitted electron current may be strongly influenced by the less intense channel (witness Ne 2p photoemission). Thus, the necessity of including some potential model for photoemission from surfaces must be emphasized.
To our knowledge, no calculations of this type have yet appeared in the literature.
Finally, we note that due to the present state of the theory of photoemission from gases and adsorbed specie~ inclusion of relaxation ' -=·· ..
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